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Introduction {#sec001}
============

1α,25-dihydroxyvitamin D~3~ (1α,25(OH)~2~D~3~) and transforming growth factor-beta3 (TGF-β3) play significant, but contrasting roles in the development, maintenance and repair of the skeleton \[[@pone.0121653.ref001]--[@pone.0121653.ref007]\]. The steroid hormone 1α,25(OH)~2~D~3~ (calcitriol) has been extensively characterized as an essential factor in the regulation of calcium, phosphate \[[@pone.0121653.ref008]\] as well as in the mineralization processes of bone \[[@pone.0121653.ref009]\]. 1α,25(OH)~2~D~3~ metabolites together with parathyroid hormone (PTH) have been demonstrated to elevate bone formation in early embryonic chick femurs \[[@pone.0121653.ref010]\]. Recent supporting evidence has determined that fetal skeletal development can be dramatically affected by the levels of maternal 1α,25(OH)~2~D~3~ expressed in early pregnancy \[[@pone.0121653.ref011]\] and that reduced skeletal integrity in the offspring in later life has been attributed to a reduction in critical levels of 1α,25(OH)~2~D~3~ during pregnancy \[[@pone.0121653.ref012]\], \[[@pone.0121653.ref013]\]. Historically, the most common outcome of a lack of adequate levels of 1α,25(OH)~2~D~3~ in the body is the development of clinically related orthopaedic problems such as rickets \[[@pone.0121653.ref014]\]. However, the direct role of 1α,25(OH)~2~D~3~ on embryonic bone formation remains to be fully elucidated.

TGF-β3, a polyfunctional regulatory cytokine of the TGF beta superfamily plays a significant role in the differentiation of mesenchymal stem cells to chondrocytes and the induction of cartilage formation both *in vitro* and *in vivo* \[[@pone.0121653.ref015]--[@pone.0121653.ref017]\]. TGF-β3 has been found to be highly expressed in the proliferating zone of cartilaginous growth plates \[[@pone.0121653.ref018]\] and in the cytoplasm in early hypertrophic chondrocytes in three week old chick bones \[[@pone.0121653.ref019]\]. It is an essential factor during chondrocyte differentiation in the development of the chick femur \[[@pone.0121653.ref020]\] and has the ability to reduce the osteogenic and mineralization processes in human mesenchymal stem cells (MSCs) \[[@pone.0121653.ref007],[@pone.0121653.ref019]\]; while direct administration of TGF-β3 to rat cranial sutures can limit the proliferative capacity of osteoblasts \[[@pone.0121653.ref021]\]. Furthermore, inhibition of TGF-β3 receptors has been shown to result in premature ossification of the cranial suture \[[@pone.0121653.ref022]--[@pone.0121653.ref024]\]. In tissue engineering, TGF-β3 has been demonstrated to play a fundamental role in enhancing the chondrogenic differentiation of MSCs to develop cartilage \[[@pone.0121653.ref025]\]. However, there remains a paucity of information on the direct actions of TGF-β3 on osteogenic differentiation, bone formation and skeletal development.

In normal fetal bone development various cell types, bioactive factors, environmental cues, including for example mechanical forces, function within precise temporospatial mechanisms \[[@pone.0121653.ref026],[@pone.0121653.ref027]\]. Understanding the effects that 1α,25(OH)~2~D~3~ and TGF-β3 exert on skeletal development using an ex vivo chick femur organotypic model may provide functional and mechanistic clues to generate new therapies for skeletal regeneration.

The current work has examined the effects of the 1α,25(OH)~2~D~3~ and TGF-β3 on skeletal development in the ex vivo chick femur organotypic model, with its multiple cell types and in situ arrangement within a natural extracellular matrix.

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

6 well tissue culture plates were obtained from Greiner BioOne, UK. Millicell culture inserts (0.4μm pore size) (Cat No. PICM03050) were purchased from Millipore (30 mm diameter). Transforming Growth Factor-β3 (TGF-β3) was purchased from Invitrogen, Scotland. Phosphate Buffered Saline (PBS) was purchased from Lonza Biologics, UK. 1α,25-dihydroxyvitamin D~3~ (1α,25(OH)~2~D~3~) and all other tissue culture reagents and media were obtained from Sigma-Aldrich, UK unless stated. LF68 Type I collagen antibody (polyclonal rabbit) was a kind gift from Larry Fisher at the NIH, Bethesda, USA. Type II collagen antibody (rabbit polyclonal) was purchased from Calbiochem, UK and proliferating cell nuclear antigen (PCNA) antibody (mouse monoclonal) was purchased from ABcam, UK. STRO-1^+^ antibody culture supernatant was obtained from the STRO-1^+^ hybridoma provided by Dr J. Beresford, University of Bath.

Methods {#sec004}
-------

### Organotypic cultures of embryonic chick femurs {#sec005}

All animal procedures were carried out in accordance with the guidelines and regulations laid down in the Animals (Scientific Procedures) Act 1986. Chick embryos were sacrificed at D11 and D13 by schedule 1 decapitation according to Home Office Approval UK (Project license---PPL 30/2762). Femora were dissected from, 11- and 13-day-old chick embryos *(Gallus domesticus)*, where the soft tissue such as adherent muscles and ligaments were carefully removed while preserving the periosteum. The dissected femurs for organotypic cultures were washed in 1x PBS and placed in the organotypic set up as previously stated \[[@pone.0121653.ref028],[@pone.0121653.ref029]\]. In brief, bones were transferred to six well plates and positioned resting on 0.4 μm filter well inserts at the interface between the air and the basal culture medium (1 mL of basal tissue culture medium (TCM) consisting of α-MEM, penicillin (100 U/mL), streptomycin (100 μg/mL), and ascorbic acid 2-phosphate (100 μM)). E11 femurs were organotypic cultured in basal TCM (1 mL) and basal TCM supplemented with 1α,25(OH)~2~D~3~ (25 nM). E11 and E13 femurs were organotypic cultured in basal TCM (1 mL) and basal TCM supplemented with TGF-β3 (5 ng/mL & 15 ng/mL). All femurs were organotypic cultured for a period of 10 days providing an air/liquid interface with the femur. Culture media was changed daily for the duration of the experiment (10 days) (n = 4 femurs per group). At the end of the experiments, organotypic cultured femurs were washed in 1x PBS and fixed in 4% paraformaldehyde (PFA). The femur samples were then imaged radiographically using a Faxitron Specimen Radiography System (MX-20) (Qados Ltd, Sandhurst, UK) and the lengths measured. The non-cultured and organotypic cultured femurs were then scanned using μCT and then either assessed for quantification of glycosaminoglycan (GAG) content using a dimethylmethylene blue (DMMB) colorimetric assay, or processed for histology.

Microcomputed Tomography {#sec006}
------------------------

Quantitative 3D analysis of non-cultured embryonic chick femurs and organotypic cultured embryonic chick femurs was performed using an Xtek BenchTop 160Xi CT scanning system for μCT (X-TEK Systems Ltd, Tring, Hertfordshire, UK) equipped with a Hamamatsu C7943 x-ray flat panel sensor (Hamamatsu Photonics, Welwyn Garden City, Hertfordshire, UK). The femur samples were centered in the middle of the μCT X-TEK machine, focused, calibrated and adjusted to prevent X-ray saturation of the sample. Femur samples were scanned using settings 60Kv, 150μA with a molybdenum target with an exposure time of 1067m/s, 2x digital gain, number of angular positions at 701 and scans performed with minimized ring artifacts. Raw data was collected and reconstructed using CTPro (X-TEK Systems Ltd, Tring, Hertfordshire, UK) with a mean 11 μm voxel resolution. The reconstructed femurs were selected for quantification of bone. The reconstructed images were visualized and analyzed using Volume Graphics (VG) Studio Max 1.2.1 software package (Volume Graphics, GmbH, and Heidelberg, Germany). After segmentation thresholds were used to remove the soft tissue, Bone Volume (BV) (mm^3^), Bone Surface/Bone Volume (BS/BV) (mm^-1^), Bone Volume/Total (tissue) Volume (BV/TV) (%), Trabecular Thickness (Tb.Th) (mm^3^), Trabecular Number (Tb.No) (mm^-1^) and Trabecular Spacing (Tb.Sp) (mm) were then calculated. 3D images were created and saved as TIFF & JPEG interchangeable files.

Colorimetric DMMB assay for quantification of glycosaminoglycan content in the organotypic cultured femurs {#sec007}
----------------------------------------------------------------------------------------------------------

Following fixation in PFA, femurs were weighed and digested in 1.06mg/ml papain solution (1 mL per femur) overnight at 60°C. 20 μl of each digested femur sample was pipetted into a 96 well tissue culture plate (Greiner BioOne, UK) and 200μL of dimethylmethylene blue (DMMB) solution (Sigma, UK) added to each well. 20μL of standards of known concentrations of chondroitin-4-sulphate salt from shark cartilage (Sigma, UK) between 0 μg/mL and 100 μg/mL were also added to 200 μL DMMB solution, to calculate a standard curve of absorbance vs concentration. Absorbance was read at 540 nm, with absorbance being proportional to the glycosaminoglycan (GAG) content in the samples. GAG content was expressed as a percentage of the tissue weight.

Histological and immunohistochemical analysis of the organotypic femur cultures {#sec008}
-------------------------------------------------------------------------------

Following μCT analysis, embryonic chick femur samples were dehydrated in a graded series of alcohols and embedded in low-melting point paraffin using an automated Shandon Citadel 2000. 6 μm sections were cut and stained for the nuclear counter-stain Weigert's hematoxylin, followed by staining with 0.5% alcian blue 8GX for proteoglycan-rich cartilage matrix and 1% Sirius red F3B for collagenous matrix. Sections were also stained with von Kossa for assessing the amount of bone mineralization as previously described \[[@pone.0121653.ref028],[@pone.0121653.ref029]\].

Bone samples were analyzed for Type I collagen, Type II collagen, PCNA and STRO-1^+^ expression. In brief, after quenching endogenous peroxidase activity with 3% H~2~O~2~ and blocking with 1% bovine serum albumin (BSA) in 1x PBS, sections were incubated overnight at 4°C with primary antibodies diluted appropriately in 1% BSA in PBS: either LF68 Type I collagen (1:1000), Type II collagen (1:500), PCNA (1:100), or STRO-1^+^ (undiluted culture supernatant obtained from the STRO-1^+^ hybridoma provided by Dr J. Beresford, University of Bath, UK.). An additional hyaluronidase incubation step was included prior to incubation with Type II collagen antibody, and an additional permeabilization step with 0.5% Triton-X was included prior to incubation with PCNA antibody. Following primary antibody incubations, sections were incubated with biotin-conjugated secondary antibodies, diluted appropriately in 1% BSA in PBS: either anti-rabbit IgG (DAKO A/S, Denmark; 1:100) for Type I and Type II collagen, anti-mouse IgG (Sigma, UK, 1:100) for PCNA, or anti-mouse IgM for STRO-1^+^. Visualization of the immune complex involved the avidin-biotin method linked to peroxidase and 3-amino-9-ethylcarbazole (AEC), resulting in a reddish brown reaction product. Sections were counterstained for light green and alcian blue and mounted in aqueous CC/Mount (Sigma, UK). No staining was observed in any control sections in which the primary antibody was omitted. IgM isotype controls were run alongside the STRO-1^+^ antibody incubated tissue sections.

Whole slide images of the histological and immunohistochemical stained sections were analyzed using an Olympus BX-51/22 dotSlide microscope and images created using OlyVIA 2.1 software (Olympus Soft Imaging Solutions, GmBH), and by a Carl Zeiss Axiovert 200 microscope with Carl Zeiss Axiovision 3.1 software package used to capture images. The cell number and the ratio of cells expressing the proliferation marker PCNA in immunohistological sections was quantified by CellProfiler image analysis software \[[@pone.0121653.ref030]\]. Automated cell numbers were assessed in the entire diaphysis and epiphysis regions of imaged sections of cultured embryonic chick femurs. PCNA positive expressed cells were counted separately and were expressed as a ratio of the total cell numbers counted.

Statistical analysis {#sec009}
--------------------

In total 12 femurs were used per group treatment. At the end of the experiments 4 femurs cultured were analyzed for μCT analysis, 4 femurs cultured were processed for histological analysis and the final 4 femurs cultured were analysed for GAG. All measurements were calculated and presented as mean ± standard deviation. Statistical analysis was performed using a one-way ANOVA (GraphPad Prism 3.02 software) and differences between experimental groups confirmed using a two-tailed paired Student's *t* test according to experimental design and considered to be significantly different if P \< 0.05. For PCNA cell number analysis of histological sections all measurements were calculated as mean ± standard error of the mean and statistical analyses performed using GraphPad InStat3 v3.06 software. Differences among groups determined by one-way ANOVA with a post-hoc Tukey's test, and statistical differences were considered to be significant if P \< 0.05.

Results {#sec010}
=======

μCT bone analyses of the modulatory effects of 1α,25-dihydroxyvitamin D~3~ on embryonic femur development {#sec011}
---------------------------------------------------------------------------------------------------------

The addition of 1α,25(OH)~2~D~3~ (25 nM) to E11 embryonic femur organotypic cultures resulted in a significant increase in the length of the femur ([Fig. 1*A* and *B*](#pone.0121653.g001){ref-type="fig"}) as assessed by μCT. μCT confirmed enhanced bone formation as assessed by increased BV, BV/TV, Tb.Th, Tb.No and reduced Tb.Sp in direct contrast to non-cultured and basal cultured embryonic femurs ([Fig. 1*C*](#pone.0121653.g001){ref-type="fig"}). The significant augmentation of bone formation indices is correlated with an increase in Sirius red/von Kossa staining and Type I collagen deposition/expression, reduced alcian blue staining and Type II collagen deposition and an increase in STRO-1^+^ expression ([Fig. 2](#pone.0121653.g002){ref-type="fig"}, [S1 Fig](#pone.0121653.s001){ref-type="supplementary-material"}). 1α,25(OH)~2~D~3~ reduced the proliferation of the diaphyseal chondrocytes evidenced by reduced expression of PCNA positive cells compared to the total number of cells ([Fig. 3*A*](#pone.0121653.g003){ref-type="fig"}). No significant differences in proliferation were observed in the epiphyseal regions of the femurs ([Fig. 3*B*](#pone.0121653.g003){ref-type="fig"}). Furthermore, the exposure of the embryonic chick femurs to 1α,25(OH)~2~D~3~ significantly reduced the GAG content in comparison to basal cultured and non-cultured femurs ([Fig. 3*C*](#pone.0121653.g003){ref-type="fig"}).

![μCT analysis of organotypic cultured embryonic femurs in basal and 1,25(OH)2D3 conditions.\
A, μCT images (whole femur tissue; saggital sections; segmented mineralized bone (green); and cross sectional sections of the central diaphysis region) of the embryonic chick femurs (E11) organotypic cultured in basal and 1α,25(OH)~2~D~3~ media for 10 days. B, Femur lengths \*\*\*P \< 0.001 increase in femur length vs non-cultured (NC) femurs; ^\#^P\< 0.05 increase in femur length of 1α,25(OH)~2~D~3~ cultured femurs vs basal cultured femurs. C, μCT morphometric indices of the structure of the E11 embryonic chick femurs either non-cultured (NC) or organotypic cultured in basal and 1α,25(OH)~2~D~3~ media. Values are means ± s.d. (n = 4 femurs per group) \*P \< 0.05; \*\*P \< 0.01 increase or decrease in μCT bone morphometric indices of basal and 1α,25(OH)~2~D~3~ cultured femurs compared to non-cultured (NC) femurs. \#P\< 0.05; \#\#P\< 0.01 increase/decrease in μCT bone morphometric indices of 1α,25(OH)~2~D~3~ compared to basal cultured embryonic femurs. (Scale bar = 1mm).](pone.0121653.g001){#pone.0121653.g001}

![Histological analysis of E11 embryonic chick femurs organotypic cultures.\
E11 femurs cultured in basal and 1α,25(OH)~2~D~3~ supplemented media for 10 days were analyzed for alcian blue/Sirius red, von Kossa-mineralization, expression of collagen Type I & II (arrows), the proliferation marker PCNA (arrows) and STRO-1^+^. (Scale bar = 100μm). All representative images depict the mid-diaphyseal region of the femur.](pone.0121653.g002){#pone.0121653.g002}

![Analysis of diaphyseal and epiphyseal cell proliferation and glycosaminoglycan content of E11 organotypic cultured femurs.\
*A*, diaphyseal and *B*, epiphyseal cell proliferation data for 1α,25(OH)~2~D~3~ treated femurs (E11) \*\**P* \< 0.01. *C*, Glycosaminoglycan (GAG) content (expressed as percentage of tissue weight) of embryonic chick femurs, either non-cultured (NC) or cultured for 10 days in basal media, alone or supplemented with 25 nM 1α,25(OH)~2~D~3~. \*\*\**P* \< 0.001 reduced GAG content compared to non-cultured femurs, ^\#^ *P* \< 0.05 reduced GAG content of 1α,25(OH)~2~D~3~ cultured femurs compared to basal cultured femurs.](pone.0121653.g003){#pone.0121653.g003}

μCT bone analyses of the modulatory effects of TGF-β3 on embryonic femur development {#sec012}
------------------------------------------------------------------------------------

The addition of the chondrogenic factor TGF-β3 (5 ng/mL and 15 ng/mL) resulted in a statistically significant effect on the bone development of the organotypic cultured femurs. TGF-β3 significantly reduced the growth of the organotypic cultured femurs (E11) compared to control basal femurs (Figs. [4*A* and *B*](#pone.0121653.g004){ref-type="fig"}). In addition, μCT analysis demonstrated that TGF-β3 reduced bone morphometric indices of BV, BV/TV, Tb.No, and increased Tb.Sp within these femurs compared to the basal control femurs ([Fig. 4*C*](#pone.0121653.g004){ref-type="fig"}). These results correlated with the data obtained from the histological sections which demonstrated a reduction in Sirius red staining, and expression of Type I collagen and STRO-1^+^ in femurs cultured with TGF-β3 ([Fig. 5](#pone.0121653.g005){ref-type="fig"} and [S2 Fig](#pone.0121653.s002){ref-type="supplementary-material"}) (-ve controls [S4 Fig](#pone.0121653.s004){ref-type="supplementary-material"}). Furthermore, TGF-β3 increased alcian blue staining, and expression of Type II collagen and PCNA in the cultured femurs ([Fig. 5](#pone.0121653.g005){ref-type="fig"} and [S2 Fig](#pone.0121653.s002){ref-type="supplementary-material"}) (-ve controls [S4 Fig](#pone.0121653.s004){ref-type="supplementary-material"}). TGF-β3 enhanced chondrocyte proliferation within the diaphyseal ([Fig. 6*A*](#pone.0121653.g006){ref-type="fig"}) and the epiphyseal ([Fig. 6*B*](#pone.0121653.g006){ref-type="fig"}) regions of the femur as evidenced by increased PCNA positive cells compared to the total number of cells. The addition of TGF-β3 to the cultured femurs significantly increased the GAG content compared to the basal cultured femurs ([Fig. 6*C*](#pone.0121653.g006){ref-type="fig"}).

![μCT analysis of organotypic cultured embryonic femurs (E11) in basal and TGF-β3 conditions.\
*A*, μCT images (whole femur tissue; saggital sections; segmented mineralized bone (green); and cross sectional sections of the central diaphysis region) of the embryonic chick femurs organotypic cultured in basal and TGF-β3 (5ng/ml and 15ng/ml) for 10 days. *B*, Femur lengths. \*\*\**P* \< 0.001 increase in basal cultured femur lengths compared to non-cultured (NC) femurs; ^\#^ *P* \< 0.05 decrease in TGF-β3 cultured femur length compared to basal cultured femurs. *C*, μCT morphometric indices of the structure of the E11 embryonic chick femurs either non-cultured (NC) or organotypic cultured in basal and TGF-β3 media for 10 days. Values are means ± s.d. (n = 4 femurs per group) *\*\*\*P* \< 0.01 increase μCT bone morphometric indices of non-cultured embryonic chick femurs compared to basal cultured femurs. *\*\*\*P* \< 0.01 increase in μCT bone morphometric indices of basal cultured femurs compared to non-cultured femurs ^\#^ *P* \< 0.05, ^\#\#\#^ *P* \< 0.001 increase/decrease in μCT bone morphometric indices of TGF-β3 (5 ng/mL and 15 ng/ml) cultured embryonic femurs compared to basal cultured embryonic femurs. (Scale bar = 1mm).](pone.0121653.g004){#pone.0121653.g004}

![Histological analysis of TGF-β3 effects on E11 embryonic chick femurs organotypic cultures.\
Histological analysis of E11 embryonic chick femurs organotypic cultured in basal and basal media containing TGF-β3 (5 ng/mL and 15 ng/mL) for alcian blue/Sirius red, von Kossa, expression of collagen Type I & II, the proliferation marker PCNA (arrows) and STRO-1^+^ (scale bar = 100μm). All representative images depict the mid-diaphyseal region of the femur.](pone.0121653.g005){#pone.0121653.g005}

![Analysis of diaphyseal and epiphyseal cell proliferation and glycosaminoglycan content of E11 organotypic cultured femurs.\
*A*, diaphyseal and *B*, epiphyseal cell proliferation data for TGF-β3 treated femurs (E11) \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. *C*, Glycosaminoglycan (GAG) content (expressed as percentage of tissue weight) of embryonic chick femurs, either non-cultured (NC) or cultured for 10 days in basal media, alone or supplemented with either 5 ng/mL or 15 ng/mL of TGF-β3. \*\*\**P* \< 0.001 reduced GAG content compared to non-cultured femurs, ^\#^ *P* \< 0.05; ^\#\#\#^ *P* \< 0.001 increased GAG content of 5 ng/mL and 15 ng/mL of TGF-β3 cultured femurs respectively compared to basal cultured femurs.](pone.0121653.g006){#pone.0121653.g006}

In studies using the more developed E13 embryonic femurs, addition of TGF-β3 resulted in a modest effect on growth ([Fig. 7*A* and *B*](#pone.0121653.g007){ref-type="fig"}) and bone structure indices with reduced levels of BV, BV/TV, Tb.No, and increased Tb.Sp within these femurs compared to the basal control femurs. Interestingly, 15 ng/mL TGF-β3 significantly reduced the levels of Tb.Th compared to the basal cultured femurs which was not observed in the E11 femurs ([Fig. 7*C*](#pone.0121653.g007){ref-type="fig"}). Histological examination of sections from the femurs demonstrated reduced collagen as determined by Sirius red staining, reduced Type I and II collagen expression, reduced mineralization, and reduced cell proliferation within the hypertrophic chondrocytes ([Fig. 8](#pone.0121653.g008){ref-type="fig"} and [S3 Fig](#pone.0121653.s003){ref-type="supplementary-material"}) (-ve controls [S4 Fig](#pone.0121653.s004){ref-type="supplementary-material"}). No observable differences were detected in the expression of STRO-1^+^ between the groups except for the femurs cultured in the presence of 15 ng/mL TGF-β3 which displayed a thicker bone collar containing cells positive for the expression of STRO-1^+^ ([Fig. 8](#pone.0121653.g008){ref-type="fig"} and [S3 Fig](#pone.0121653.s003){ref-type="supplementary-material"}). TGF-β3 decreased the chondrocyte proliferation of the diaphyseal ([Fig. 9*A*](#pone.0121653.g009){ref-type="fig"}) and the epiphyseal ([Fig. 9*B*](#pone.0121653.g009){ref-type="fig"}) regions of the femur as indicated by reduced numbers of PCNA positive cells compared to the total number of cells. In contrast to the E11 embryonic cultured femurs the addition of TGF-β3 to E13 embryonic cultured femurs significantly reduced the levels of GAG compared to the femurs cultured in basal conditions ([Fig. 9*C*](#pone.0121653.g009){ref-type="fig"}).

![μCT analysis of organotypic cultured embryonic femurs (E13) in basal and TGF-β3 conditions.\
*A*, μCT images (whole femur tissue; saggital sections; segmented mineralized bone (green); and cross sectional sections of the central diaphysis region) of the embryonic chick femurs (E13) organotypic cultured in basal and TGF-β3 (5ng/ml and 15ng/ml) for 10 days. *B*, Femur lengths; Values are means ± s.d. (n = 4 femurs per group) *\*\*\*P* \< 0.001 increase in femur length of basal and TGF-β3 organotypic cultured femurs compared to non-cultured femurs. *C*, μCT morphometric indices of the structure of the E13 embryonic chick femurs either non-cultured (NC) or organotypic cultured in basal and TGF-β3 media for 10 days. Values are means ± s.d. (n = 4 femurs per group) *\*P* \< 0.05 *\*\*\*P* \< 0.001 increase/decrease in μCT bone morphometric indices of non-cultured embryonic chick femurs compared to basal organotypic cultured femurs. ^\#^ *P* \< 0.05, ^\#\#\#^ *P* \< 0.001 increase/decrease in μCT bone morphometric indices of TGF-β3 (5 ng/mL and 15 ng/mL) cultured embryonic femurs compared to basal cultured embryonic femurs. (Scale bar = 1mm).](pone.0121653.g007){#pone.0121653.g007}

![Histological analysis of TGF-β3 effects on E13 embryonic chick femurs organotypic cultures.\
Histological analysis of the mid-diaphyseal region of organotypic cultured embryonic femurs (E13) in basal and TGF-β3 conditions (scale bar = 100μm). All representative images depict the mid-diaphyseal region of the femur.](pone.0121653.g008){#pone.0121653.g008}

![Analysis of diaphyseal and epiphyseal cell proliferation and glycosaminoglycan content of E13 organotypic cultured femurs.\
*A*, diaphyseal and *B*, epiphyseal cell proliferation data for TGF-β3 treated femurs (E13); \**P* \< 0.05; \*\**P* \< 0.01. *C*, Glycosaminoglycan (GAG) content (expressed as percentage of tissue weight) of embryonic chick femurs, either non-cultured (NC) or cultured for 10 days in basal media, alone or supplemented with either 5 ng/mL or 15 ng/mL of TGF-β3. GAG content was significantly reduced in both groups of organotypic cultured femurs with TGF-β3 compared to basal cultured femurs (\**P* \< 0.05). Values are mean ± s.d. (n = 4 femurs per group).](pone.0121653.g009){#pone.0121653.g009}

Discussion {#sec013}
==========

In recent years advances have been made in identifying embryonic and adult stem cell populations that can differentiate into the appropriate cell lineages capable of contributing to the engineering of complex tissue and organs \[[@pone.0121653.ref031],[@pone.0121653.ref032]\]. However, to date, the developmental cues central in the guidance of stem and progenitor cell populations in multi uniform culture systems and the appropriate stimuli for 3D tissue engineering remains limited. Elucidation of the complex cellular interactions, temporal and spatial coordination of factors to produce a functional skeletal structure is a central challenge. Previously, using the organotypic embryonic chick femur culturing system, the modulation of the femur growth and development can be affected by simple changes in growth medium or the addition of a single growth factor to modify culture conditions \[[@pone.0121653.ref028],[@pone.0121653.ref029]\] providing a robust system to evaluate the developmental process *in situ*.

In this study we demonstrate the different modulatory effects of the osteotropic agents 1α,25(OH)~2~D~3~ and TGF-β3 on bone femoral growth and development in an *ex vivo* organ culture system. The importance and role of 1α,25(OH)~2~D~3~ in the development and maintenance of the skeleton has been extensively characterized through studies assessing the consequences of nutritional imbalance or limited exposure to sunlight \[[@pone.0121653.ref033],[@pone.0121653.ref034]\]. Indeed, in vitamin-D deficient chicken embryos reduced mineralization were found in the tibiae bones with enhanced osteoid regions, reduced organ functions and increased mortality rates \[[@pone.0121653.ref035]\]. Moreover, even in the early developmental years of the embryo the effects of 1α,25(OH)~2~D~3~ deficiency can have profound effects on skeletal development \[[@pone.0121653.ref012],[@pone.0121653.ref013]\].

The current studies highlight the augmentation of bone structural morphometric indices when organotypic embryonic chick femurs were cultured in the presence of 1α,25(OH)~2~D~3~. We found that supplementation of 1α,25(OH)~2~D~3~ (25 nM) to the organotypic femur cultures increased the Bone Volume, Bone Volume/Tissue Volume ratio, Trabecular Thickness and Trabecular Number together with a reduction of Trabecular Spacing. Even the length of the femurs increased in these culture conditions compared to the control femurs. Additionally, 1α,25(OH)~2~D~3~ altered the levels of osteogenesis and chondrogenesis, increased cell proliferation and enhanced the expression of the mesenchymal stem cell marker, STRO-1^+^. The direct osteogenic effect of 1α,25(OH)~2~D~3~ observed on the embryonic chick femur correlated well with previous publications in the literature \[[@pone.0121653.ref001],[@pone.0121653.ref004],[@pone.0121653.ref036],[@pone.0121653.ref037]\].

Unfortunately, the effect of vitamin D3 is not that clear cut in bone development. Mice born from mothers with vitamin D receptor deficiency display a normal skeletal development at birth but bone defects only occur at weaning \[[@pone.0121653.ref038]\]. Additionally, chondrocytes in mice with deleted vitamin D receptor or 1-a-hydroxylase have a small effect on the development of the skeleton with an enlargement of the growth plate due to the reduced levels of vascular invasion and active osteoclasts \[[@pone.0121653.ref039]\]. Moreover vitamin D receptor deletion in mouse osteoblasts/osteocytes has no effect on bone mass \[[@pone.0121653.ref040]\] whereas specific deletion of this receptor in osteoblasts results in elevated bone mass \[[@pone.0121653.ref041]\]. Serum 25-hydroxyvitamin D \[25(OH)D\], 1α,25-dihydroxyvitamin D \[1α,25(OH)~2~D~3~\], are the predominant metabolites used for the assessment of vitamin D status and evaluation of vitamin D metabolism. The major circulating metabolite, 25(OH)D, is generally considered the approach to define nutritional vitamin D status although there is a debate, as to the requisite healthy minimum level of circulation 25(OH)D, where the active metabolite is 1α,25(OH)~2~D~3~ is responsible for most actions of vitamin D. Recent data using various biomarkers such as intact parathyroid hormone (PTH), intestinal calcium absorption, and skeletal density measurements suggest that the adequate healthy range for 25(OH)D and 1α,25(OH)~2~D~3~ is 20--150 nM and 50--150 pM respectively \[[@pone.0121653.ref042]\]. However, the evidence highlight the importance of the correct levels of an active vitamin D metabolite and demonstrates the potential of the organotypic model developed in conjunction with the use of μCT analysis to determine significant changes in bone development particularly using small dose ranges of 1α,25(OH)~2~D~3.~ This is currently under investigation in our labs now. It must be also stated we have only concentrated on 1α,25(OH)~2~D~3~ but there are various other metabolites that are associated with the vitamin D~3~ endocrine system. One of these other active metabolites is (24R), 24,25-dihydroxyvitamin D~3~ that is produced by osteoblasts in the bone niche increases osteogenic differentiation of human mesenchymal stem cells and has a pivotal role in skeletal development \[[@pone.0121653.ref043]--[@pone.0121653.ref045]\].

The mechanistic effect of 1α,25(OH)~2~D~3~ in our studies and in previous *in vivo* studies appears to be very complex. The E11 femurs in our studies have very few osteoclasts (predominantly preosteoclasts residing in the periosteum) to induce a remodelling effect by the administration of 1α,25(OH)~2~D~3~ and hence transposing its effect to bone formation. Additionally, 1α,25(OH)~2~D~3~ could dampen down RANKL expression in MSC and osteoblasts hence reducing the effects of osteoclast on bone formation as recently evidenced by Harada et al, 2012 \[[@pone.0121653.ref046]\]. Indeed, a lack of 1α,25(OH)~2~D~3~ during development could predispose MSC development into osteoblast with higher RANKL receptor expression. If prolonged reduction in 1α,25(OH)~2~D~3~ levels during development persists an epigenetic effect could result in the MSC or osteoblast having higher levels of RANKL expression leading to bone diseases such as rickets or osteoporosis in later life. Further work would be required to elucidate this outcome.

Although the well characterised fundamental role of 1α,25(OH)~2~D~3~ is in calcium metabolism and bone formation it has been found to also play a role in cartilage modelling and hence endochondral bone growth. 1α,25(OH)~2~D~3~ has the ability to regulate chondrocyte mRNA, TGF-beta expression and TGF-beta secretion in the growth plate of chicks \[[@pone.0121653.ref047]\] and can directly increase the maturation of chondrocytes subsequently leading to the calcification of the developing chick cartilage \[[@pone.0121653.ref048]\].

In contrast to the observed effects of 1α,25(OH)~2~D~3~ on skeletal development of the organotypic cultured femurs, supplementation of TGF-β3 significantly inhibited bone formation in both E11 and E13 organotypic cultured embryonic femurs. On closer examination, the levels of detected glycosaminoglycans were elevated with the addition of TGF-β3 to the cultures of E11 staged femurs. In contrast, the opposite effect was observed when the TGF-β3 was added to cultures of E13 staged femurs, indicating the short time frame the growth factor has on its effect on the growth and development of the femur. Previous studies have identified that TGF-β3 can reduce the osteogenic effect in human MSCs \[[@pone.0121653.ref007]\] and that the development and calcification of bone correlates to a reduction of glycosaminoglycan content of the bone organo matrix \[[@pone.0121653.ref049]\]. Our results demonstrate that TGF-β3 has an inhibitory effect in the developing bone and hence may have a role to play in reducing the development of ectopic bone in tissue engineering paradigms for tendon or articular cartilage repair. Combined growth factors, TGF-β3 and BMP-2 can enhance the differentiation of cartilage of chick limbs through independent mechanisms that regulate the mesenchymal cells through endochondral ossification \[[@pone.0121653.ref050]\]. Interestingly, it has been found that differing signaling mechanisms are used in the chondrogenic differentiation of fetal and adult MSCs. TGF-β3 induced chondrogenesis of adult MSCs but failed to induce chondrogenesis in fetal MSCs *in vitro*. However, addition of BMP-2 to the TGF-β3 human fetal cultures induced chondrogenesis similar to the human adult MSCs and TGF-β3 \[[@pone.0121653.ref051]\]. Similar to our femur cultures the small differences of adding an extra growth factor or osteogenic factor can influence the chondrogenc differentiation of MSCs which could influence the way cartilage is repaired or even crucially the role in actually restricting the onset of osteoarthritis. Analysis by Tang et al, 2009 \[[@pone.0121653.ref025]\] of recent studies using TGF-β3 and MSCs has indicated that TGF-β3 in a concentration and time dependent mode modulates human MSC chondrogenesis *in vitro* \[[@pone.0121653.ref025]\]. In translational *in vivo* applications ovine MSCs stimulated by TGF-β3 encapsulated in a chitosan scaffold could successfully repair the partial thickness lesion of the hyaline cartilage two months post implantation, where the implanted scaffold/cells demonstrated very good integration with the host cartilage \[[@pone.0121653.ref052]\]. Furthermore, in rabbit studies where the articular surface of the proximal humeral condyles were excised and replaced with poly-epsilon-caprolactone and hydroxyapatite bioscaffolds infused with TGF-β3 the investigators were able to demonstrate after 4 months regeneration of the articular surface of the synovial joint without implantation of cells \[[@pone.0121653.ref053]\].

The current studies illustrate the importance of analyzing the effects of individual factors *in situ* in the femoral organotypic model within an accompanying complex cell population and architecture to identify and understand the changes in organ/tissue growth, development and function. Moreover, at the level of rudiment organ bone culture, 1α,25(OH)~2~D~3~ and TGF-β3 exerted dramatic and concentration dependent effects on the development of the femoral bone. Understanding and applying the principle mechanisms that orchestrate fetal skeletal development can only better inform reparative approaches \[[@pone.0121653.ref027]\]. For example it has been shown that the use of complex bioreactors (BioDomes) to enhance tissue regrowth of digits *in vivo* by providing the necessary environmental cues including electrical stimulation can activate stem cells and temporospatial tissue reorganisation and hence tissue regeneration \[[@pone.0121653.ref054]\]. The combination of cells, factors and biocomposites will have important implications in particular the need to apply relevant spatial, temporal and concentration controlled release of components that are aligned for fully functional tissue/organ development. This will enhance the regenerative properties of stem cells within the 3D tissue/organ structure. Thus, collaborative investigations across the fields of tissue engineering and developmental biology will aid our understanding of skeletal tissue development and provide novel regenerative technologies. Furthermore, elucidating the microenvironmental niches of embryonic skeletal development may lead to better stem cell translational therapy, which currently, at best, has seen limited progression to the clinic \[[@pone.0121653.ref026]\].

Conclusions {#sec014}
===========

Fundamental to clinical bone regeneration and repair is the appropriate creation of composites that mimic the release profile of factors stimulating growth and repair to enhance the capability of implanted cell progenitor(s) to maximize their potential. Bone development and the recapitulation in organ systems particularly the incorporation of a functional vasculature will aid future regenerative medicine strategies to address the complex nature and timing of the growth and repair of organ/tissue systems. μCT together with molecular mapping and cell fate tracing offer new approaches to understand skeletal development and to inform regenerative programs in producing better outcomes for bone repair and regeneration.
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======================

###### Histological analysis of 1α,25(OH)~2~D~3~ effects on E11 embryonic chick femurs organotypic cultures.

E11 femurs cultured in basal and 1α,25(OH)~2~D~3~ supplemented media were analyzed for alcian blue/Sirius red, von Kossa-mineralization, expression of collagen Type I & II, the proliferation marker PCNA and STRO-1^+^ (scale bar = 500 μm).

(TIF)

###### 

Click here for additional data file.

###### Histological analysis of TGF-β3 effects on E11 embryonic chick femurs organotypic cultures.

Histological analysis of embryonic chick femurs organotypic cultured in basal and basal media containing TGF-β3 (5 ng/mL and 15 ng/mL) for alcian blue/Sirius red, von Kossa, expression of collagen Type I & II, the proliferation marker PCNA and STRO-1^+^ (scale bar = 500 μm).

(TIF)

###### 

Click here for additional data file.

###### Histological analysis of TGF-β3 effects on E13 embryonic chick femurs organotypic cultures.

Histological analysis of embryonic chick femurs (E13) organotypic cultured in basal and basal media containing TGF-β3 (5 ng/mL and 15 ng/ml) for alcian blue/Sirius red, von Kossa, expression of collagen Type I & II, the proliferation marker PCNA and STRO-1^+^ (scale bar = 500 μm).

(TIF)

###### 

Click here for additional data file.

###### Immunohistochemistry negative control images.

Representative low and high powered images of type I collagen, type II collagen II, PCNA and STRO-1^+^ immunohistochemistry negative controls (primary antibody omission) of embryonic femurs organotypic cultured for 10 days. Top row E11 femurs cultured with 1α,25(OH)~2~D~3~, middle row E11 femurs cultured with TGF-β3, bottom row E13 femurs cultured with TGF-β3. Scale bar top two rows = 100μm; bottom row = 500 μm.

(TIF)

###### 

Click here for additional data file.
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